Nowadays, pesticides are used pervasively in Asian rice production areas. Nonetheless, information is scarce regarding chemicals' application and synergistic toxicity and longer-term impacts on paddy ecosystems. In Phranakhon Si Ayutthaya and Ang Tong (AT) provinces, 40 conventionally and 31 organically managed farms were visited. The farmers provided information on types and levels of pesticides used, and indices describing pesticide 'toxic exposures' were calculated. In the dry and wet seasons, the fields were surveyed for soil organic carbon (OC) and nitrogen (N) and rice densities and sizes. Using multivariate statistics, interrelationships among variables were investigated. Overall, 12 types of herbicides (all synthetic), 27 insecticides (13 natural), and 6 molluscicides (1 natural) were recorded. Pesticide exposures differed between provinces; organic farms used more natural products. OC was positively correlated with 'toxic exposure' levels, probably resulting from effects of pesticides on carbon-reducing processes. Additionally, molluscicides and herbicides explained OC levels. N varied spatially, probably resulting from flooding regimes; management influences were unnoticeable. In the dry season, rice growth was decreased on fields exposed to plentiful synthetic insecticides, whereas in the wet season, use of herbicides and molluscicides enhanced the growth. Further research is advisable to better establish long-term costs and benefits of different pesticide regimes in rice fields.
Introduction
In Thailand, rice-growing areas have expanded from 5.6 million hectares in the 1950s to over 9.2 million hectares today, and rice production has intensified twofold from around 1.5 to 3 tons per hectare (Phongpaichit & Baker 1995) . Today, Thailand is among the top three exporters of rice worldwide (Bangkok Post 2012) . Despite this expansion in productivity, the share of the agricultural sector in the Thai economy has been shrinking from around 40% in 1960 to less than 9% today, albeit 39% of Thais still work as farmers (Yamada 1998 ; Bank of Thailand 2013; World Bank 2013). These developments were largely possible through the introduction of new rice breeds and more intensified agricultural practices, including the increasingly widespread application of agrochemicals.
To combat pests of rice and other crops, almost 9000 tons of insecticides and 70,000 tons of herbicides have been imported annually in the past decade (Sapbamrer et al. 2011) . Pesticides are generally considered highly effective and convenientat least in regard to their immediate shortterm effects on targeted pest species. In recent decades, the use of herbicides has been boosted in Central Thailand as a consequence of an increasing labor shortage on rice farms (incurring high costs for manual weeding) as well as new rice planting methods (i.e. rice broadcasting) (Moody 1993). In addition, several chemicals have been used increasingly as molluscicides to contain populations of the invading golden apple snail (Pomacea canaliculata (P. canaliculata), introduced to Thailand during the 1980s) (Tran & Perry 2003; Ranamukhaarachchi & Wickramasinghe 2006) .
The limits and long-term risks of pesticide uses, however, become ever more evident. Manifold side effects of pesticides on and beyond the farmers' fields are increasingly recognized by farmers as well as by society at large, and several policies and incentives have been suggested to reduce the use of synthetic chemicals (Thapinta & Hudak 2000; Panuwet et al. 2012; Praneetvatakul et al. 2013) . Some of the most commonly used synthetic chemicals in rice fields (in particular, organophosphate and carbamate insecticides) are denoted as 'highly' to 'extremely hazardous' to farmers and the environment (WHO 2010) . Farmers often use such pesticides carelessly and apply excessively high levels, resulting in significant health risks (Pingali et al. 1995; Buranatrevedh & Sweatsriskul 2005; Dwivedi et al. 2012; Raksanam et al. 2012; Tri Phung et al. 2012) . Residues of pesticides are also increasingly found in agricultural products and freshwater sources (Thapinta & Hudak 2000; Panuwet et al. 2012 ). Furthermore, several chemicals pollute the waterways and affect inland and coastal wetland ecosystems (Poolpak et al. 2008; Varca 2012) .
Most pesticides are nonspecific, affecting pests as well as potentially beneficial 'nontarget' species. Their application, particularly early in the growing season (as a 'prophylactic' measure), may result in killing off important predator species while selecting for pesticide-resistant strains of the pest species. Early or prolonged use of pesticides can thus lead to pest resistance and resurgence (Way & Heong 1994; Settle et al. 1996; Ruay-aree 2003) . For example, renewed outbreaks of the brown planthopper (BPH, Nilaparvata lugens) during 2009-2010 are believed to have resulted from the overuse of insecticides (International Rice Research Institute 2010) . Pesticides may also kill species that fulfill other ecosystem functions that are vital for agricultural production, such as the breakdown and decomposition of organic materials, the cycling of nutrients, and other processes in paddy soils and in the water column (Simpson & Roger 1995; Lawler 2001; Wilson et al. 2008) .
The various important functions of aquatic rice field organisms are increasingly recognized by scientists and concerned farmers (Way & Heong 1994; Schoenly et al. 1998 ). It has been suggested that beneficial insects can largely control pests, especially if predator populations can build up early in the season (Settle et al. 1996; Wilson et al. 2008) . Some farmers in Thailand have thus engaged in experimenting with alternative methods of pest management, including organic farming, ecologically based integrated pest management (IPM), andin particularthe application of pesticides based on natural products (mostly insecticides and molluscicides, including repellents) (Greene 2008; Sematong et al. 2008; Kaufman 2012; Savary et al. 2012) . Farmers themselves can produce many natural pesticides, and thus expenditures can be savedprovided the chemicals are sufficiently efficient (Ranamukhaarachchi & Wickramasinghe 2006; Kaufman 2012) .
Many farmers in Thailand now organize themselves in 'organic farmers' groups to experiment with alternative methods, including the uses of naturally derived types of pesticides. Nonetheless, data are still inadequate regarding the types and levels of synthetic/natural pesticide chemicals used on different types of farms, the overall toxicity of the chemical 'cocktail' applied in the fields, and any resulting effects on the soils and rice productivity in the major rice production regions. In the present study, the patterns of pesticide uses and associated parameters of soil quality and rice growth were investigated on 71 farms in Central Thailand (Ang Tong (AT) and Phranakhon Si Ayutthaya (PNA) provinces). The selected farms ranged from (as designated) 'ecologically' managed farms (EF) with no or lesser uses of synthetic pesticides to conventional 'intensively' managed farms (IF) where high levels of synthetic chemicals were applied. The following questions were addressed:
(1) What types and levels of synthetic and natural pesticides are applied on EF and IF farms? What is the cumulative toxicity (expressed in terms of toxicity to rats as a proxy for toxicity to humans) applied in the fields? What factors (farm type, site, farmer attributes) determine the pesticide application and regime? (2) To what degree and in what ways do rice growth and density vary according to pesticide applications and overall toxicity via direct or indirect effects (e.g. through pesticide effects on soil carbon)?
Methods

Description of the study sites and farm (F) variables
The study was conducted in the central plains north of Bangkok, i.e. in Mueang and Visechaichan districts in AT province (e.g. 14°31′-34′ N, etc. 100°23′-28′ E) and in Bang Sai district in PNA province (e.g. 14°13′-16′ N, etc. 100°23′-28′ E) ( Figure 1 ). This is an old rice production region of mostly sandy clay soils (OPNA 2011). Rice is grown during the wet (June to August) and dry seasons (January to March) (temperature and rainfall data shown in Figure 2 ; TMD 2012). Intensive cultivation practices nowadaysin a majority of casesheavily rely on the uses of agrochemicals, especially synthetic pesticides for pest control (referred to as IF, i.e. 'intensively managed' farms) (OAE 2008) . Typically, high-yield rice varieties (with resistances to herbicides) are grown. Inputs of mostly inorganic fertilizers (especially nitrogen) also tend to be high. Some farmers, however, are now experimenting with ecologically based methods (referred to as EF, i.e. 'ecologically managed' farms). Those farmers may not use synthetic pesticides or may use them only in cases of severe pest outbreaks. Many of these farmers have organized themselves in 'local expert learning centers' whereby concepts of organic farming and the application of natural pesticides are taught in 'farmer field schools. ' During 2010 and 2011, 20 IF and 20 EF were visited in AT and 20 IF and 11 EF in PNA, and  the farms were selected randomly from addresses available from regional workshops of learning centers (EF denoted whether the farmers were engaged at learning centers and stated that they applied ecological/organic principles in their farms). The farms were located at a distance of 1-12 km west from Chao Phraya River (Figure 1 ). PNA is more industrialized, and farmers are on average richer (37,000 baht monthly income per household in 2008) than in AT (25,500 baht; US$1 was 35 baht) (OPNA 2011) . Farmers in PNA also have generally better access to water resources throughout the year (13 irrigation projects covering 2184 km 2 , Noi River crossing through site) than the farmers in AT (5 irrigation projects covering 882 km 2 ) (ATACO 2001; Ayutthaya Irrigation 2012) .
Geographic farm (F) variables which were used as predictors in statistical models (cf. later sections) included the study sites (AT or PNA; variable F1) as well as the farms' geographic location that was recorded during visits as UTM latitude (F2a) and longitude (F2b) coordinates using a GPS receiver (Garmin 12XL, Garmin International Inc., Kansas City, MO, USA). Temporal variables included the two seasons during which the rice fields of different farms were surveyed (wet or dry season, F3a; cf. later section) and the number of days (recorded by farmers or estimated from regional comparisons) since rice planting (F3b). In addition, the farm types (EF or IF) served as predictors (F4).
Collection of data describing farmers' profiles and land possessions (R and L variables)
The owners of each of the 71 farms were interviewed in December 2010 and January 2011 using structured questionnaires. Data were gathered about the farmers' profiles (R variables; i.e. age of respondents R1, marital status R2, education R3, family size R4, and number of people working on the farm R5) and land possessions (L variables; i.e. owned and rented land area under cropping L1, land area owned as a percentage of all lands under cropping L2, and land area per crop L3).
Determination of variables (C) describing pesticide uses and 'pesticide toxic exposures'
The farmers had to list which types of synthetic and/or natural pesticides they were applying and for what purposes (i.e. as insecticides, molluscicides, or herbicides; variable C1a). For each pesticide, they indicated the concentration (in cc/ha or kg/ha, depending on the type), which they usually use per pesticide application (C1b), the frequency of application per crop (C1c), and the number of years for which the chemical had been used (C1d). In addition, the farmers provided information on whether the chemical was used before pest detection (prophylactic/ proactive treatment), upon pest species detection, or after pest outbreak (symptomatic/reactive treatment) (C1e-g).
Using these data, two indices were calculated for each pesticide:
(1) 'seasonal input' index (cc/ha) = mean concentration (cc/ha) × seasonal application frequency (2) 'cumulative input' index (cc/ha) = 'seasonal input' index (cc/ha) × number of years in use Data on chemicals used on at least 20 farms (i.e. chlorpyrifos + cypermethrin mixture, abamectin, butachlor, and tea seed powder) were used as potential predictor variables in statistical analyses in four different forms, i.e. pesticide type applied or not on farms (binary variable, C1a), mean application concentration per use (cc/ha, C1b), 'seasonal input' index (cc/ha, C1VA), and 'cumulative input' index (cc/ha, C1VC).
In addition, indices were calculated to describe the overall 'toxic inputs' of all synthetic and/or natural pesticides used on a farm. The overall toxicity of pesticides was approximated by using information on LD 50 rat toxicity, i. e. for each type of pesticide the lethal dose in milligrams (concentrated) needed to kill 1 kg weight unit of rat at a likelihood of 0.5 (dose fed to rats orally) (see Table A1 of Appendix A; sources : Extoxnet 2012; Farm Chemicals International 2012; INCHEM 2012; PANNA 2012) . In the case of natural pesticides for which no figures were available, LD 50 rat toxicity was set at 10,000 mg/kg (i.e. slightly higher than the highest figures for 'mild' synthetic pesticides). For each pesticide type used on a farm, a 'seasonal' (stv) and a 'cumulative toxicity volume' (ctv) was calculated by weighing the 'seasonal' and 'cumulative' input indices (cc/ha), respectively, by the corresponding LD 50 rat toxicity. The two combined indices were then:
(1) index of 'seasonal toxic input' (C3) = sum of stv of all types of a pesticide group used per farm (2) index of 'cumulative toxic input' (C4) = sum of ctv of all types of pesticide group used per farm Such indices were calculated for all pesticides (C3tot, C4tot), and for the subcategories natural (C3In, C4In) and synthetic (C3Is, C4Is) insecticides; natural (i.e. tea seed powder; C3Mn, C4Mn), synthetic (C3Ms, C4Ms), and overall (C3M, C4M) molluscicides; and herbicides (C3Hs, C4Hs).
Since rats weigh on average about 0.5 kg, the indices may be interpreted to designate the maximum number of thousands of rats, whichin theorycould have been fatally poisoned if the respective volumes of all pesticides would have been fed orally to rats. The indices may represent a realistic proxy for the toxicity to animal species, including human beings (Janardan et al. 1984 ), but may be less useful to describe toxicity to other organisms, e.g. micro-organisms and plants. For this reason, the most commonly used chemicals (C1) and indices for all subcategories (C3 and C4) were all included as potential predictors in statistical testing in this and the accompanying study (Cochard et al. Forthcoming 2014) . In addition to the indices (interval variables), the ordinal variables -'number of pesticide types used' (C2)were also included in the analyses for all pesticides (C2tot) and the respective subcategories (C2In, C2Is, C2Mn, C2Ms, C2M, C2Hs; cf. above). Detailed listings of chemicals used on the farms are provided in Tables A1 and A2 in Appendix A, and descriptions of all the variables used for statistical analyses are provided in Tables B1 and B2 in Appendix B.
Collection of data describing biophysical parameters in the rice fields ( P variables)
A first field survey was conducted in the 'dry' winter growing season during 20-29 January 2011 (35-45 days after the start of growing season; rice is harvested after 110 days), and 10 IF and 10 EF were surveyed at each of the two study sites (i.e. 40 farms in total). A second survey was conducted in the 'wet' summer growing season during 24-30 June 2011 (40-50 days into the growing season), and all 71 farms were surveyed.
The fields were described according to biophysical aspects (P variables). Using a 50-m tape, the distance from the field boundary (earthen dam) to the nearest irrigation canal (with permanent water) was measured (variable P1). The water depth was measured (during both surveys) at five random spots in the field, and a mean depth calculated (P2). During the second survey, five randomly placed samples of soils were extracted to a depth of 30 cm, and the samples were combined for each farm. Soil pH (P3) was measured in the field using a test kit (mixed indicator). The 71 soil samples were dried for 24 h in an oven (temperature 100°C ) at the Asian Institute of Technology (AIT). The samples were then analyzed for organic carbon (P4) (Walkley-Black method; Schulte and Hoskins 2009) and for total nitrogen content (P5) (Kjeldahl method; Ryan et al. 2001) . Rice height was measured (during both surveys) to the tip of the longest panicle at 20 random locations in the field, and the mean was calculated (P6). Rice plant stems were counted within a 1-m 2 frame, five times replicated, and the mean density was calculated (P7).
Statistical data analysis
A framework for analysis of overall variable interactions for this and the accompanying study (Cochard et al. Forthcoming 2014) is shown in Figure C1 The arrows indicate the predictor variables (at the start of the arrows) that were significant in the models to explain the dependent variables (at the end of the arrows). The arrows may or may not imply causality. White arrows represent positive and black arrows represent negative correlations (in multivariate models). The thickness of the arrows indicates the significance level of the correlation from the thickest (p < .0005), medium (p < .005), to the thinnest (p < .05). 'Farm type' and 'province' refer to 'organic, extensively managed farms' (EF) and 'Ayutthaya province' (PNA), respectively. software (Minitab Inc., State College, PA, USA) was used to summarize the data variables (i.e. frequencies, mean, standard deviation, etc.), and perform statistical analyses. Before analyses, the data distributions were checked, and if needed appropriate transformations (e.g. logarithm, square root, or normal score functions) were applied. Multivariate linear regression (MLR), general linear models (GLM), and binary logistic regression (BLR) or ordinal logistic regression (OLR) models were used as appropriate, with respect to the various sets of (interval/categorical) data tested. To determine the main factors (predictor variables) influencing or correlating with a tested dependent variable of interval data type (i.e. MLR and GLM models), step-wise variable selection using best subsets regression (BSR) analyses were performed (as model selection criterion Mallow's C p measure was used; for descriptions of statistics and methodology see Chatterjee & Hadi 1988; Chatterjee et al. 2000, Minitab Inc.) . In the case where the dependent variable was of categorical data type, we applied systematic testing of models (BLR or OLR). Tools for detecting outlier and leverage points (DFFITS and Cook's distance) were used, and in some cases, points were deleted to improve the models. Once the optimal models were determined, statistically significant associations of predictors with dependent variables were illustrated, as given by the arrows in Figures 3, 6, and 9, with the arrow thickness denoting the p-value (closely commensurate with other model statistics indicating 'effect size', cf. Note C1 in Appendix C). All variables are described in Appendix B (Tables B1-B3) , and summaries of descriptive statistics as well as model statistics from multivariate analyses (including listing of significant predictors) are provided in Appendix D (Tables D1-D4) .
Results
Respondents' profiles and ownership of cultivated lands
The ages of the interviewed farmers ranged from 30 to 79 years (average 55 years). Most (82%) only had a primary school education, whereas a fewmostly the younger farmer ( Figure 3 )had a higher education, i.e. secondary school (8%), high school (4%), or higher levels (6%). Nearly all farmers were married (96%). Their families ranged from 1 to 10 members (average 4.5, including respondents), but on average only 40% of family members (1.7 persons) were working full-time on the farms, whereas the others had different occupations. The ratio of family members working as farmers was slightly lower on farms led by respondents with a higher education ( Figure 3 ). The interviewed farmers cultivated about 6 ha of land on average (range 1.5-26 ha), whereby typically 1.6 ha belonged to them (0-7 ha) and 4.3 ha was rented land (0-23 ha). Most of the land was used for irrigated rice crops, and smaller plots were used for housing, orchards, and fish ponds. Older and better educated farmers tended to possess more land. Furthermore, land ownership was higher in AT (1.9 ± 0.3 ha) as compared to PNA (1.1 ± 0.3 ha) ( Figure 3 ).
Pesticide types used by the farmers
In total 15 different types of synthetic insecticides were recorded for the 40 IF (Tables A1 and A2 , Appendix A). These included three chemicals classified by WHO (2010) as 'highly hazardous' (i.e. omethoate with 5% users, dichlorvos with 8% users, and carbofuran with 5% users) and eight classified as 'moderately hazardous' (i.e. chlorpyrifos 43%, abamectin 43%, cypermethrin 38%, cartap hydrochloride 11%, isoprocarb 8%, fenobucarb 5%, profenofos 3%, and carbosulfan 3%). Only six types were recorded on the 31 EF. These did not include 'highly hazardous' chemicals, but similar levels were used for chlorpyrifos + cypermethrin (only used as a mixture, 39%), abamectin (45%), and cartap hydrochloride (6%). The natural insecticide Beauveria bassiana (fungal spores infective to insects) was only used on EF (23%), mostly in AT. In addition, 10 naturally produced types of noncommercial insecticides or repellents (often applied in combination) were recorded from EF and 5 from IF. These included components of plant saps (e.g. neem, chili, and turmeric) and fermenting organic residues (e.g. coconut milk and squashed apple snails). In PNA, tea seed powder (a saponin-based biopesticide) was the only molluscicide used on both IF (65%) and EF (91%). None of the farms in AT used tea seed powder, but 40% of IF used synthetic chemicals (five types in total) as molluscicides, including the 'highly toxic' and now prohibited organochlorine endosulfan (25%) and the mildly toxic niclosamide (5%). No natural herbicides were in use, but synthetic herbicides were applied on IF and EF. The 'slightly hazardous' butachlor was the most commonly used herbicide, applied in pure form on IF (53%) and EF (55%). Several IF used butachlor also in combination with propanil (13%) or safener (18%), whereas few EF used these additive products (0% and 3%, respectively). The mixture clomazone + propanil was used only by farmers in PNA (52%). In addition, another eight different types of herbicides were recorded (seven in AT and one in PNA) on IF and EF (1-8% users overall).
Application of pesticides
As stated by the farmers, the synthetic insecticides were mostly applied upon detection of insect pest species (79%) or when the farmers perceived that pest populations were starting to pose a threat to the crops (pest outbreaks, 20%). Only rarely (1%) were synthetic insecticides used in a prophylactic way. Prophylactic usage was slightly more common (11%) in the case of natural insecticides, whereas equallymost farmers used it upon pest detection (81%) or outbreak (8%). In the case of molluscicides (synthetic and natural), the levels were 3%, 67%, and 30% for usage as a prophylactic, upon detection, and outbreak, respectively. Herbicides, in contrast, were mostly applied before the rice crops were transplanted (69%) and less frequently as a means to suppress weed growth after transplanting (17%) or upon the emergence of a weed invasion problem (14%).
Most synthetic insecticides were, on average, used three times per cropping season, whereas application rates of natural insecticides tended to be higher (approximately two to six times per crop). Molluscicides were only applied once per season. Equally, herbicides were typically applied once per season, but in a few cases twice. The most common synthetic pesticides were in use for several years, i.e. on average 9.7 years in the case of chlorpyrifos + cypermethrin, 7.4 years for abamectin, and 6.8 years for butachlor. Natural insecticides were typically in use for a shorter time period (2-6 years), and tea seed cake was applied on average since 5.4 years. There were no apparent differences between IF and EF with regard to application timing/strategy.
Patterns of pesticide uses and estimated toxic impact on the farmers' rice fields
In AT, in general, fewer types of synthetic insecticides, herbicides and molluscicides, but more natural insecticides, were used on EF as compared to IF. In contrast, in PNA, a similar number of synthetic and natural types were used on EF and IF. Some farmers did not use insecticides (4%) or molluscicides (55%), but all the farmers used at least one type of herbicide (Table 1) .
Statistical examination of the overall 'indices of toxic input' (as described from toxicity to rats) revealed that field exposures to toxic chemicals differed greatly among individual farms and also between the two study sites and farm types. The data followed approximately lognormal distributions (Figures 4 and 5) , where the levels of 'toxic input' wereoverallaround four to six times higher in PNA (medians: 12.4 and 58.9 for 'seasonal' and 'cumulative' input levels, respectively) as compared to AT (3.0 and 9.2). Many EF in PNA used more toxic substances than most of the IF in AT (Figures 4 and 5) . Synthetic insecticides were generally the most hazardous substances used, contributing on average about 58-60% of the 'total toxic input' on all the 71 fields ( Figure 6 ). Hence, indices of 'toxic input' of synthetic insecticides were closely 
1.4 ± 0.5 d, e (1-2) 1.0 ± 0.2 e (1-2) All molluscicides 0.7 ± 0.5 f (0-1) 0.9 ± 0.3 e, f (0-1) 0.4 ± 0.5 f, g (0-1) 0.1 ± 0.2 g (0-1) Notes: Range is shown in parentheses. Averages with the same letter in italics (a-g) are not statistically different. The index may be interpreted as a maximum number of rats (in thousands) that could in theory be killed if the total volume of all pesticides spread seasonally on a hectare of rice field were instead to be fed to rats orally. The three parameters for each of the four lognormal distribution models are shown in the inset Figure 5 . Cumulative density function (CDF, including a lognormal fit) of the 'index of cumulative toxic input' on the farmers' fields of the two provinces (Ayutthaya and Ang Tong) and farm types (organic and intensive). The index may be interpreted as an approximate maximum number of rats (in thousands) that could in theory be killed if the total volume of all pesticides spread in cumulative total (i.e. since the introduction of the respective pesticides) on a hectare of rice field were instead to be fed to rats orally. The three parameters for each of the four lognormal distribution models are shown in the inset table. Figure 1 for an explanation of the arrows. For the major pesticide groups (overall, and synthetic/natural insecticides, herbicides, and molluscicides), the percentage of users is indicated (in brackets) as well as the summary statistics on the 'number of pesticide types' (average ± standard deviation) and indices of toxic input (the median index (excluding '0') and the percentage contribution of the overall toxic input of the respective group in relation to the total toxic input of all pesticides in the fields) is indicated. For the four most commonly used synthetic pesticide types (i.e. chlorpyrifos + cypermethrin, abamectin, butachlor, clomazone + propanil), the toxicity is indicated (the 50% lethal dose (LD 50 ) in grams needed to kill 1 kg of rats), as well as the averages (± standard deviations; excluding '0') of the doses (in cc/ha) used per application, per season, and for the entire period since the chemical was introduced (cumulative input) are indicated. The average (± standard deviation) of the dose used per application is also indicated for tea seed powder (I. = index; cumul. = cumulative). correlated to indices of total toxicity (Figure 7 ). In contrast, herbicides contributed about 22-25% of the 'total toxic input' in the fields, while molluscicides and natural insecticides each contributed 9% ( Figure 6 ). The levels of 'toxic input' (especially from synthetic pesticides, e.g. chlorpyrifos + cypermethrin, but not herbicides, e.g. butachlor) tended to be higher on IF, whereas generally higher levels of natural insecticides (but not natural molluscicides) were used on EF (Figures 6 and 7) . The main differences were, however, between the study sites, with overall pesticide uses being considerably higher in more industrialized PNA as compared to rural AT. In addition, more highly toxic pesticides (in particular synthetic insecticides) were applied if farms disposed of more labor forces to work in the fields and if the fields were privately owned (and mostly smaller) ( Figure 6 ). Higher amounts of herbicides were also used by better-educated farmers who generally disposed of fewer farm labors and lesser time to weed the fields mechanically (Figures 3 and 6) .
All Pesticides
Rice field soil parameters as influenced by pesticides
The results indicated that pesticide uses had various nontrivial effects on the soils as well as rice growth on the farmers' fields (Figures 7-9) . A strong positive correlation was found between soil organic carbon (OC) and the overall 'index of seasonal toxic input' (Figure 8) . Additionally, soil OC was (to a lesser degree) positively correlated with uses of chlorpyrifos + cypermethrin and natural molluscicides (tea seed powder), but negatively correlated with the 'seasonal toxic input' levels of herbicides (Figures 7 and 9 ). Soil OC and N levels generally tended to be higher at farms in PNA as compared to AT (Figure 9 ). Soil nitrogen (N) content was directly positively correlated with soil OC, but (controlled for this correlation) it only tended to decrease along a longitudinal gradient; there were no apparent influences of field management (as could be indicated by farm types and/or pesticide uses). Soil pH (mainly correlating negatively with OC) was increased on fields where many synthetic insecticide products were used but lowered on fields where molluscicides were in use (Figures 7 and 9 ).
Dry and wet season rice growth on paddy fields exposed to different levels of pesticides Rice plant sizes and densities were generally higher during the wet season as compared to the dry season; in addition, there were major differences in growth patterns between the two surveys. During the dry season, there was a significant negative correlation between rice density and (seasonal) synthetic insecticide exposure in the fields. Equally, the sizes of rice plants were markedly decreased on fields with high (long-term, cumulative) uses of synthetic insecticides, while also being lower on fields situated toward the west and on densely planted fields ( Figure  9 ). In contrast, during the wet season, rice densities tended to be higher on fields where high amounts (and more than one type) of herbicides were used, where molluscicides were used, which were located more distant from irrigation canals (Figure 9 ). Rice growth was most prolific on fields that were not densely growing and where the soils were rich in N but contained comparatively lesser OC concentrations and a higher pH (considering the correlations between N, OC, and pH). Furthermore, the rice plants tended to grow higher on fields treated with molluscicides and on organically managed fields (notably, controlling for the other predictors) (Figures 7 and 9) .
Discussion
Patterns and causes of synthetic and natural pesticide uses by rice farmers in Central Thailand
The respondents' profiles reflect the recent economic transitions in Thailand where the (hitherto highly developed) agricultural sector has now become less important relative to the industrial and service sectors. Many of the interviewed farmers were relatively old, which reflects the trend that farmers' children are increasingly finding work in other, better-paid industries in the central regions. For those who remainmostly the older and those with a lower educationfarming is often the only option to make a living. In PNA, where many industrial plants have sprung up during recent years, high land prices also partly explain the lower levels of land ownership (Raksanam et al. 2012) . The high costs of labor and land entice many farmers to use high amounts of agrochemicals to achieve maximum short-term profits.
Pesticide uses were influenced by the farmers' perceptions about what was effective. According to the farmers' information, abamectin was mainly used on farms with regular problems from rice leaf folders and thrips, whereas the chlorpyrifos + cypermethrin mixture was mainly used against other pests such as rice stem borers. Many EF farmers were, however, reluctant to use chemicals that they believed to have negative side effects (e.g. on beneficial insects). The perceptions and preferences were often influenced by product promotion of companies or recommendations by government agencies, extension workers, and local leaders. This partly explains the different use of molluscicide products between the two study sites. Farmers in PNA followed the recommendations of a local farmer leader to use tea seed powder, whereas farmers in AT either relied upon natural controls (e.g. open-billed storks were said to contain golden apple snail populations) or used synthetic chemicals as recommended by extension workers. The excessive use of chlorpyrifos + cypermethrin was held responsible for the resurgence of pesticide-resistant populations of BPH, and therefore its use was discouraged by the Department of Rice. Partly for this reason, many EF farmers in AT now used B. bassiana and other natural products. Most of the pesticides were applied only upon the presence of potential pest species and normally at rates recommended by the producer; nonetheless, as noted by Heong et al. (1995) , synthetic pesticide uses may still be excessive, ill-timed in their application, and unsustainable in the longer term.
In Central Thailand, farmers experimenting with ecological and organic rice production methods are still an exception (Sribarikij 2011) , and as is indicated by the data, the category 'EF' did not necessarily imply lower pesticide uses as compared to 'conventional' IF. This may actually explain why the factor 'farm type' hardly ever turned out to be a main predictor explaining patterns of aquatic biodiversity in the rice fields; in contrast, significant regional differences existed in both biodiversity and pesticide uses (cf. Cochard et al. Forthcoming 2014) . Overall, pesticide uses were considerably higher in PNA as compared to AT, and EF farmers in PNA (of which there were only a few) still used a considerable amount of synthetic chemicals to remain sufficiently competitive within this more industrialized and fast developing region. Many farmers (especially IF farmers) apparently saw the application of highly toxic pesticides (mostly synthetic insecticides) as a 'healthful' treatment for their fields and rice crops. This seems supported by the observation that more highly toxic pesticides were applied if farms disposed of more labor forces and if the fields were privately owned (and mostly smaller). It is in line with observations by Panuwet et al. (2012) who noted that many farmers in Thailand were little concerned about pesticides' health hazards and potentially detrimental effects on rice field ecosystems.
Effects of pesticide uses on soil parameters
The conspicuous positive correlation between OC and the 'index of seasonal toxic input' suggests that copious uses of highly toxic pesticides negatively affect organisms that are important for the reduction of organic carbon. Several studies (Reddy et al. 1984; Katayama & Kuwatsuka 1991; Katayama et al. 1992; Kumuraswamy et al. 1998; Bharati et al. 1999; Chu et al. 2008; Kreuzweiser et al. 2011; Schellenberger et al. 2012 ) have reported decreased rates of organic decomposition and reduction following the application of various pesticides (in particular strong insecticides such as chlorpyrifos), especially under flooded wetland conditions. Soil bioactivity was also diminished as pesticides have affected rice field worms (oligochaetes) (Simpson et al. 1993; Roger 1995) . Hence, organic carbon could accumulate more strongly in the soils of fields under high toxic exposures. A lowered soil bioactivity is also indicated by increased pH levels on fields where many synthetic insecticide products were used, since increased levels of humic acids and carbon dioxide (as products of organic decomposition) lower the soil pH (Calver et al. 2009 ). Herbicides kill off native weeds, and therefore, overall biomass production may be diminished in fields treated with high herbicide levels, explaining the negative effect on soil OC concentrations. Furthermore, various studies (Baruah & Mishra 1986; Raut et al. 1997; Min et al. 2001; Usui and Kasubuchi 2011) have reported heightened soil microbial activity under the application of herbicides, including butachlor. In contrast, molluscicides target the most potent herbivores in rice fieldssnails, especially P. canaliculataand hence, this could explain their additive effect. Furthermore, tea seed cake is an organic product, possibly adding to OC in the soils. Oils from tea seed also contain organic acids, and hence its application tends to lower the pH on flooded fields (Botao & Shirong 1992) , as was observed in our study. Unlike molluscicides, uses of (highly toxic) synthetic insecticides did not appear to increase soil OC via improved plant growth, since rice densities and heights were generally decreased on fields exposed to high levels of such synthetics (cf. the following section).
Incorporation of high levels of organic fertilizers could likewise explain increased levels of soil OC in the fields. However, organic forms of fertilizers are more commonly used on EF, which also use lower levels of pesticides (Odompanich et al. 2007 ). Moreover, if soil OC were derived from organic fertilizers (e.g. manure), elevated levels of nitrogen (N) should be expected in the soils (Srisai et al. 2003) . No such effects were, however, indicated by the data. Soil N content was directly positively correlated with soil OC, but farm management type had no directly observable effects on soil N. Furthermore, soil N levels tended to increase with distance away from the Chao Phraya River (as indicated by the longitudinal gradient and higher levels at the more distant PNA site). Hence, flooding regimes on the floodplains rather than fertilizer inputs appear to explain N levels in the soils (Baldwin & Mitchell 2000; Chowdary et al. 2004 ). Furthermore, bluegreen algae (major N fixers) were also found in higher concentrations toward the west, possibly partly explaining higher soil N (cf. Cochard et al. Forthcoming 2014) . Nitrogen fertilizers applied on rice fields in nonorganic soluble forms are typically lost to high degrees in the floodwaters, and their application is not necessarily traceable in soil samples (Ghosh & Bhat 1998; Spencer et al. 2006) .
Dry and wet season rice growth on paddy fields exposed to different levels of pesticides
The differences in rice plant sizes between the two surveys were perhaps partly due to a difference in the timing of the surveys relative to the start of the growing season (~4-7 days later during the wet season survey). However, the results also provided strong indications that rice establishment and growth was affected in different ways by pesticide uses in the dry season as compared to the wet season. The different patterns relating to effects (indirect and direct) of pesticide uses may ultimately largely be explained by seasonal climatic differences. During the wet season survey, much higher amounts of rainfall were measured (116 mm in PNA and 102 mm in AT in June 2011; Figure 2 ) than during the dry season (1.4 mm in PNA in January 2011; TMD, 2012). Hence, during the dry season, the water mostly came from irrigation canals (sinks of chemical waste residues). Moreover, even if the average water levels in the fields did not differ between surveys (Figure 9 ), overall water evaporation was likely to be higher in the dry season. Hence, the waters were probably highly concentrated with pollutants (pesticide residues, nutrients, etc.), whereas during the wet season, waters (mostly from rainfalls) were comparatively clean (Tejada et al. 1993; Watanabe & Takagi 2000; Zheng et al. 2003; Iwai et al. 2007 ). Increased concentrations of synthetic insecticides possibly reduced soil bioprocesses essential for plant nutrition and growth, explaining diminished rice establishment and growth (Figure 9 ). In contrast, rice growth was apparently unaffected on fields where natural insecticides were used (showing positive correlations if the variables for synthetic insecticides were deleted from statistical models; Table D4 , Appendix D). During the wet season, the effects of pesticides were, however, different. The results indicate that herbicides diminished competition from native weeds, and (long-term) application of molluscicides presumably protected the crops from snails (while possibly also stimulating rice growth; cf. Andresen & Cedergreen 2010) . Golden apple snails were much more abundant in the fields during the wet season (often canals were overflooding), and this may also partly explain the increasing rice densities with greater distance to irrigation canals. While N increased the growth of rice, the results indicate that the accumulation of soil OC (probably as a result of high pesticide applications, cf. previous section) may also have negative impacts on rice productivity in the longer term, especially since it may lower the pH (Chandresekaran & Yoshida 1972) .
Conclusions
Developments in Central Thailand reflect the trends in many rice-producing countries. Rice is a staple crop produced to nourish the growing world population. A market for ecologically grown rice is as yet very limited. Nonetheless, at some stage, intensification in rice production may reach certain natural and economic limits as well as risks. Pesticides wipe out nontarget organisms and thus degrade some of the essential ecosystem services they support, such as the turnover of carbon and nutrients on rice field soils. The observed accumulation of OC in paddy soils may lower the soil pH and oxygen to levels so as to affect rice growth (Chandresekaran & Yoshida 1972) , and in our study, rice growth in January 2011 was indeed lower on fields exposed to high levels of synthetic insecticides. To reach faithful evaluations of the overall economic costs and benefits of current pesticide regimes, further investigations are recommendable specifically on the long-term effects of pesticides (particularly strong insecticides) on rice soil biota and associated hydroedaphic processes. Studies setting a focus on comparatively immotile soil invertebrates (especially ecologically important groups such as annelids and nematodes) will likely provide better insights regarding the effects of pesticides on actual long-term rice productivity and possibly also on greenhouse gas production from rice fields (e.g. methane produced under anoxic conditions).
When deciding on pesticide strategies in rice production, Thai farmers and the society at large have to square up the short-term profits with any costs that may arise in the longer term. If government agencies take account of the effective external costs caused by pesticides, then their uses may be further regulated via policies at national level. Steps are already taken to strengthen low-pesticide user groups through participatory research and training on more ecofriendly field management practices. Increasing emigration of farm labors to other industries, however, sets certain limits to efficient ecological farming. For example, all the farmers in our study still used synthetic herbicides. For this reason, government agencies should promote specific pesticide-free reference sites to which conventionally managed fields can be compared, so that any (rather complex) longterm impacts of pesticide uses can be suitably assessed and evaluated (cf. Cochard et al. Forthcoming 2014) .
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